YAP (Yes-associated protein) oncogene has been found to form a stable complex with members of the Angiomotin (Amot) family of proteins, which bind WW domains of YAP and sequester the protein in the cytoplasm and junctional complexes. The Amot-mediated retention of YAP in the cytoplasm results in the inhibition of its proliferative function. Using apoptotic 'read-out' of YAP in HEK293 cells, we confirmed the molecular mode by which Amot regulates YAP. We showed that a representative member of the Amot family, AmotL1 (Angiomotinlike-1), uses its PPxY motifs to bind WW domains of YAP and inhibit YAP's nuclear translocation and pro-apoptotic function. Recently we also showed that YAP uses its PDZbinding motif to interact with zona occludens-2 (ZO-2) protein, which promotes YAP's translocation to the nucleus. We also asked if AmotL1, YAP and ZO-2 signal together. We report here that AmotL1 and ZO-2 form a tripartite complex with YAP and regulate its function in HEK293 cells in opposite directions. AmotL1 inhibits proapoptotic function of YAP, whereas ZO-2 enhances it. As YAP is a potent oncogene, the identification and characterization of its regulators is important. AmotL1 and ZO-2 are two candidates that could be harnessed to control the oncogenic function of YAP.
Introduction
Currently, YAP (Yes-associated protein) and its close paralog TAZ (transcriptional co-activator with PDZ domain) are intensely studied genes because they act as the main effectors of the newly described tumor suppressor pathway known as Hippo (Zhao et al., 2011) .
YAP gene is frequently overexpressed or amplified in several human cancers, and it is considered a potent oncogene (Pan, 2010) . However, there are several cancers where YAP has a role of tumor suppressor (Yuan et al., 2008; Ehsanian et al., 2010) . To better understand the molecular function of YAP gene, we elected to identify those YAP-binding proteins that assemble on YAP via its specialized regions, which evolved to mediate protein-to-protein binding, namely the WW domains and PDZ-binding motif. Several YAP-interacting proteins that were identified in protein-binding assays, turned out to be bona fide regulators of YAP signaling (reviewed in Sudol, 2010; Sudol and Harvey, 2010) . Most recently, we showed that zona occludens-2 (ZO-2) protein binds YAP via a PDZ domain complex and regulates the nuclear localization and apoptotic activity of YAP (Oka and Sudol, 2009; Oka et al., 2010) . In most cell culture and animal models used to study YAP, its overexpression results in the accumulation of YAP in the nucleus and this event correlates with growth-promoting and pro-oncogenic activity (Overholtzer et al., 2006) . However, under conditions of stress such as UV light or low serum media, the nuclear YAP associates with a pro-apoptotic factor, p73, and causes cell death (Strano et al., 2001; Basu et al., 2003; and Matallanas et al., 2007) . In our study, we employ HEK293 cells that are maintained in low serum (1%) media, in which overexpression of YAP causes apoptosis (Oka et al., 2008) . The HEK293 cells provide a sensitive assay of YAP activity, which allows one to test a large number of candidates as potential regulators of YAP function. The easy detection of endogenous PARP as a marker of apoptosis, the detachment of cells (measured by cell counting) and a high efficiency of DNA transfection of HEK293 cells are behind the power of this model (Oka et al., 2008) .
Angiomotin (Amot) was originally identified as a binding partner of angiostatin, and was found to regulate endothelial cell migration through angiostatin binding (Troyanovsky et al., 2001; Bratt et al., 2002) . In addition, Amot was shown to be a part of the actin cytoskeleton and cell-to-cell junction complexes. Amot is a member of a family of proteins composed of Amot and two paralogs, angiomotin-like-1 (AmotL1) and angiomotin-like-2 (AmotL2) (Nishimura et al., 2002; Bratt et al., 2005) .
Amot was first detected as a partner of YAP in a large screen of multi-protein complexes that assemble on de-ubiquitinating enzymes (Sowa et al., 2009) . The complexes were detected by an affinity capture-mass spectrometry method. Because in that article no functional studies were reported for YAP and Amot, we decided to examine the role of YAP-Amot complex, especially as Amot contains the PPxY sequence motif that is required for ligands of WW domains.
Recently, we showed that the complex between YAP and ZO-2 could be visualized for the endogenous proteins by immunostaining and co-immunoprecipitation (Oka and Sudol, 2009; Oka et al., 2010) . The PDZbinding motif in YAP and the 1st PDZ domain in ZO-2 were required for the formation of the complex and overexpression of ZO-2 affected the subcellular localization of YAP. Moreover ZO-2 cooperated with YAP to enhance detachment of HEK293 cells, but in MDCK cells the induction of ZO-2 inhibited YAP-induced cell proliferation (Oka et al., 2010) .
Results and discussion
Several recent reports suggest that members of Amot family interact with YAP (and its paralog, TAZ) via WW domain and PPxY-mediated complexes Zhao et al., 2011; Chan et al., 2011) . The WW domains of YAP and TAZ, and PPxY motifs of Amots were shown to be critical for the binding. Using different approaches, these three studies documented that the Amot/YAP(TAZ) complexes have inhibitory function on YAP's (and TAZ) ability to promote growth and oncogenic transformation. The main mechanism of this regulation is the sequestration of YAP and TAZ proteins by Amots in the cytoplasm and in cell junction complexes, thereby preventing YAP and TAZ from functioning as transcriptional co-activators in the nucleus. We independently confirmed that the YAP-Amot complexes are mediated between YAP WW Figure 1 YAP mediates the association between AmotL1 and ZO-2. (a) Schematic representation of modular structures of ZO-2, YAP and AmotL1 proteins. ZO-2 has three PDZ domains, one SH3 domain and one guanylate kinase-like (GK) domain. It also contains two putative nuclear localizations signals (NLS) and two nuclear export signals (NES). YAP (isoform YAP2) has two WW domains in its central region and a PDZ-binding motif at its carboxy-terminal end. The last five amino acids (-FLTWL) are truncated in DC mutant. TAD stands for transcription activation domain. S127 is a phosphorylation site for Lats kinases. AmotL1 has a coiledcoil domain in its central region and a PDZ-binding motif at its C-terminal end. The last three amino acids (-VLI) are truncated in DC mutant. AmotL1 contains two PPEY sequence motifs, which are canonical sites of WW domain ligands. (b) The PDZ-binding motif at the carboxy-terminus of AmotL1 is not critical for the binding to ZO-1 and ZO-2. Indicated plasmids were transfected into HEK293 cells. Cell lysates were immunoprecipitated with Flag antibody in modified RIPA buffer (Oka et al., 2008) , resolved on SDS polyacrylamide gel electrophoresis (PAGE) and immunoblotted with HA antibody (top panel). Other panels show the expression of transfected proteins. (c) YAP is necessary for Amot and AmotL1 to form a complex with ZO-2. Indicated plasmids were transfected into HEK293 cells, followed by the addition of tetracycline into the medium to induce the expression of ZO-2 WT. Cell lysates were immunoprecipitated with HA antibody, resolved on SDS-PAGE and immunoblotted with YAP antibody (top panel) or ZO-2 antibody (middle panel). Other panels show the expression of transfected proteins. (d) The binding tendency of AmotL1 to ZO-2 corresponds to that of AmotL1 to YAP2. Flag AmotL1 mutants as well as WT were co-transfected with HisMax-YAP2 WT or control vector into HEK 293 cells. Expression of ZO-2 WT was induced as in c, followed by immunoprecipitation with Flag antibody in Triton buffer. Co-precipitated YAP and ZO-2 were monitored by immunoblotting (top and middle panel, respectively). The AmotL1N construct encodes the first 665 amino acids of the protein, which include PPxY motifs and a part of the coiled-coil domain (Pei et al., 2010) . The AmotL1C construct encodes the carboxy-terminal fragment of Amot, amino acids 667-956, which include a part of the coiled-coil domain and a PDZ domain-binding motif (Pei et al., 2010) .
A tripartite complex of angiomotin-like-1, YAP and ZO-2 T Oka et al domains and Amots PPxY motifs (Supplementary Figure 1) . More specifically, we showed that Amots bind to YAP2 isoform (that contains two WW domains) but not to YAP1 isoform (that contains a single WW domain). The binding was independent of the carboxyterminal PDZ-binding motif of motins and the first PPxY motif of AmotL1 was important for the binding (Supplementary Figure 1) . Most importantly, we documented that the complex between endogenous YAP and endogenous Amot and AmotL1 could be observed in HEK293 cells (for unknown reasons, we could not detect the endogenous complex between YAP and AmotL2). It did not escape our attention that HEK293 cells are known to express a relatively high level of Amots, compared with other commonly used cells lines, and therefore were helpful in our study (Chan et al., 2011) . Because the YAP1 isoform did not interact with Amots, all the remaining experiments were performed with YAP2 isoform only, which we refer to simply as YAP.
We then asked if ZO-2, YAP and Amot form either a tripartite or binary and mutually exclusive complexes. We also tested if ZO-2 could enhance or oppose the inhibitory function of Amot on YAP, using HEK293 cell readout. As Amots contain PDZ-binding motifs and ZO proteins contain several PDZ domains (Figure 1a) , we first tested if ZO-2 protein could interact with AmotL1 via PDZ complexes. Surprisingly, ZO-2 protein could be co-precipitated with AmotL1 even if the PDZ-binding motif of AmotL1 was deleted (Figure 1b) . Therefore, we speculated that YAP could mediate the complex between ZO-2 and AmotL1. Indeed, when the level of YAP was increased by overexpression, a high level of ZO-2 could be co-precipitated with Amot and AmotL1 (Figure 1c) . To analyze this binding in detail, we employed various mutants of AmotL1 and YAP (Figures 1d and 2a) . AmotL1 bound to YAP (WW domains) mainly via its 1st PPEY motif, although the 2nd PPEY motif played a minor role in the binding (Figure 1d, top panel, lanes 2-5) . In the presence of YAP, ZO-2 was co-precipitated with both AmotL1 WT and AmotL1N construct that encodes the amino terminal 70% of AmotL1 (Figure 1d , middle panel, lanes 2 and 6). The amount of co-precipitated ZO-2 decreased when either of the two PPEY motifs in AmotL1 was mutated, and the co-precipitated ZO-2 was barely detectable when both PPEY motifs were mutated (Figure 1d , middle panel, lane 3, 4 and 5). ZO-2 was not co-precipitated with AmotL1C construct that contains carboxyterminal 30% of AmotL1 (Figure 1d , middle panel, lane 7). These results suggest that YAP mediates an association between Amot L1 and ZO-2. A binding assay between ZO-2 and YAP mutants further supported our assumption (Figure 2a) . The WT-YAP was able to bind AmotL1 (Figure 2a , top panel, lanes 3 and 5). In the presence of WT-YAP, ZO-2 was coprecipitated with AmotL1 WT (Figure 2a , middle panel, The binding between AmotL1 and ZO-2 was affected when YAP was removed. Either Flag vector or Flag AmotL1 was transfected into HEK293 cells. At 24 h after the transfection, the cells were distributed into new plates, and tetracycline was added to induce the expression of ZO-2 WT. Either control RNAi oligo or YAPspecific RNAi oligo was added to the cells and the cells were maintained for 6 days until the cells reached almost confluent state. Immunoprecipitation was conducted as in A. Co-precipitated YAP and ZO-2 were monitored as in Figure 1c . HEK293 cells were cultured in Dulbecco's-modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were transiently transfected using Lipofectamine (Invitrogen Corporation, Carlsbad, CA, USA) according to the manufacturer's instructions. ZO-2 antibody and HA antibody were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase antibody was from Abcam (Boston, MA, USA). Flag-M2 antibody was from Sigma Chemical Company (St Louis, MO, USA). Polyclonal antibody against human YAP was generated in rabbits as described previously (Oka et al., 2008) . Polyclonal antibody against human AmotL1 was described previously (Pei et al., 2010) . Antibodies for other members of the Amot family were from Abcam and Santa Cruz Biotechnology. HA-tagged mouse Amot family plasmids in pCAGGS vector were gifts from Dr Makoto Adachi (Kyoto University, Kyoto, Japan) (Sugihara-Mizuno et al. A tripartite complex of angiomotin-like-1, YAP and ZO-2 T Oka et al lane 3). However, when YAP delta C mutant (Oka and Sudol, 2009 ) was used instead of YAP WT, ZO-2 could no longer be co-precipitated with AmotL1 WT (Figure 2a , middle panel, lane 5). The simplest explanation is that YAP delta C binds to AmotL1, but it fails to bind to ZO-2 because it lacks the C-terminal PDZ domain-binding motif and therefore can no longer act as a scaffold protein. This result suggests that YAPmediated association between ZO-2 and AmotL1 requires both the WW domains and the C-terminal PDZ domain-binding motif of YAP2. To confirm our hypothesis further, we reduced the level of the endogenous YAP by RNA interference (RNAi) and then tested if ZO-2 and AmotL1 form a complex. The endogenous YAP in HEK293 cells mediates AmotL1 and ZO-2 association, even though the detected signal is relatively modest (Figure 2b , middle panel, lane 2). However, when the endogenous YAP was removed, ZO-2 failed to form a complex with AmotL1 ( Figure 2b , middle panel, lane 4). In sum, these results suggest that YAP mediates the association between AmotL1 and ZO-2. The two PPEY motifs in AmotL1, two WW domains and one PDZ-binding motif in YAP, plus the 1st PDZ domain in ZO-2 are necessary for the formation of the tri-partite complex. We previously reported that YAP WT promoted apoptosis in HEK293 cells grown in low serum containing media (Oka et al., 2008) . We used this read-out to determine if AmotL1 has any influence on the proapoptotic function of YAP. AmotL1 was transfected into HEK293 cells before the induction of YAP expression. After incubation for 96 h in Dulbecco'smodified Eagle's medium-containing 1% serum, the attached cells were counted. In the absence of AmotL1 transfection, YAP expression reduced the number of cells that remained attached (the ratio of attached cells with induced YAP WT to attached cells without induced YAP WT was 0.478; Figure 3a) . However, in the context of AmotL1 WT transfection, the ability of YAP to reduce the number of attached cells was impaired (ratio increased to 0.709; Figure 3a ). This change correlated with the diminished signal of PARP cleavage, which is the marker of cell death, suggesting that YAP-induced apoptosis was inhibited. Similar results were obtained when AmotL1 2nd PPEY* or AmotL1 N mutant were overexpressed (Figure 3a) . These three AmotL1 recombinant proteins showed relatively strong binding to YAP (Supplementary Figure 1E) . However, AmotL1 1st PPEY*, 1 & 2 PPEY*, or C, which showed relatively weak binding to YAP (Supplementary Figure 1E) , did not significantly affect the pro-apoptotic function of YAP (Figure 3a) . These results suggest that AmotL1-YAP complex formation impairs the pro-apoptotic function of YAP in HEK293 cells. Other members of the Amot family: Amot and AmotL2 showed a similar effect on pro-apoptotic function of YAP (Figure 3b ). We recently reported that ZO-2 enhances pro-apoptotic function of YAP in HEK293 cells (Oka et al., 2010) , which is opposite to the role of AmotL1. Accordingly, we have shown that ZO-2 and AmotL1 tend to neutralize each other in terms of the pro-apoptotic function of YAP (Figure 3c ), suggesting that their relative balance determines the function of YAP.
We also downregulated the level of AmotL1 by RNAi and monitored changes in cell apoptosis induced by YAP. After the expression of YAP WT was induced, either AmotL1-specific RNAi oligonucleotides or control RNAi oligonucleotides were transfected into the cells. The efficiency of RNAi inhibition of AmotL1 expression was confirmed by immunoblotting (Figure 3d ). The removal of Amot L1 alone slightly enhanced YAPinduced apoptosis, but the individual removal of Amot or Amot L2 did not (Figure 3d ). This result could be explained by the functional redundancy among the members of the family, which share a high degree of sequence similarity. Therefore, we investigated if the removal of all three Amots by RNAi affects the function of YAP. As expected, YAP-induced apoptosis was enhanced considerably when all the members of Amot family were suppressed (Figure 3d ). Perhaps a further study of Amots and ZO-2 will help to decipher the duality of YAP function as an oncogene and tumor suppressor.
To elucidate the mechanism by which Amots inhibit apoptosis in our cell culture model, we examined whether Amots affect subcellular localization of YAP, by sequestering YAP in the cytoplasm and preventing its nuclear entry. We have shown previously that the nuclear localization of YAP is required for its proapoptotic function in HEK293 cells. green fluorescent protein (GFP)-YAP was co-transfected with Flag-fused constructs of AmotL1 WT, 1 & 2 PPEY* and N mutants into HEK293 cells and the cells were observed by fluorescence microscopy (Figure 4a ). The Flag-tagged proteins were visualized by immuno-staining and the nuclei were decorated by 46-diamidino-2-phenyl indole staining. AmotL1-WT, AmotL1-1&2 PPEY* or/and AmotL1-N localized mostly in the cytosol of HEK293 cells. The signal of GFP-YAP in the nucleus was relatively weak when AmotL1-WT or AmotL1-N were co-transfected, compared with the GFP-YAP signal when AmotL1-1 & 2 PPEY* was co-transfected. These results suggest that GFP-YAP was eliminated from the nucleus by AmotL1-WT and/or AmotL1-N, but AmotL1-1 & 2 PPEY* failed to do so because it could not bind YAP. Unlike YAP WT, the GFP-YAP2 1 & 2 WW* remained in the nucleus when Flag-AmotL1 was expressed, because of the lack of binding (Figure 4b ). The localization of YAP is preferentially cytoplasmic when AmotL1 is overexpressed.
In conclusion, ZO-2 and AmotL1 form a tripartite complex with YAP and regulate its pro-apoptotic function in HEK293 cells in opposing directions. AmotL1 inhibits pro-apoptotic function of YAP by sequestering YAP protein in the cytoplasm, whereas ZO-2 promotes YAP nuclear localization, its proapoptotic and growth inhibitory activity. Although ZO-2 and AmotL1 tend to drive YAP to different subcellular compartments, nucleus and cytoplasm, respectively, their regulatory roles on YAP oncogenic function, do not have to be opposite. For example, we The indicated plasmids were transfected into HEK 293 cells and YAP WT was induced by tetracycline. Counting assay was conducted as in a. Lower panels: expressions of YAP, Flag and PARP proteins were monitored. The ratio of absorbance units of cleaved PARP to YAP was as follows: mock 3.3; HA-AmotL1 1.6; ZO-2 4.1 and HA-AmotL1 þ ZO-2 3.5. (d) YAP-induced apoptosis was enhanced when all the members of Amot family were suppressed by RNAi. The indicated RNAi oligonucleotides were transfected into HEK293 cells and YAP WT was induced by tetracycline. The cells were cultured in DMEM containing 1% FBS for 96 h and counting assay was conducted as in a. Lower panels: expression of YAP, PARP, Amot and AmotL1 were monitored. Expression of endogenous AmotL2 was too low to detect by immunoblotting. The ratio of absorbance units of cleaved PARP to YAP was as follows: control RNAi 1.5; Amot RNAi 1.4; AmotL1 RNAi 1.9; AmotL2 RNAi 1.5 and triple RNAi 2.2. The RNAi oligonucleotides against Amot family members and the control oligonucleotide were purchased from Santa Cruz Biotechnology. HEK293 cells, which express YAP WT in an inducible system (Oka et al., 2008) , were plated at 5% confluency in DMEM, 1% FBS and 5 mg/ml blasticidin. Expression of YAP was induced by 1 mg/ml tetracycline. Transfections of the RNAi oligonucleotides were conducted using Lipofectamine (Invitrogen). After 96 h, floating cells were removed and attached cells were trypsinized and counted. For the cell counting assay without RNAi treatment, HEK293 cells were transfected with Flag or HA tagged plasmids. After 24 h, the cells were distributed into new plates and maintained in DMEM with 1% FBS for 96 h. After the removal of floating cells, attached cells were counted as described above. The expression of proteins was checked by immunoblotting or immunostaining.
anticipate that in MCF10A cells, where the overexpression of YAP causes transformation (Overholtzer et al., 2006) , both Amots and ZO-2 would inhibit this process, Amots by cytoplasmic retention of YAP but ZO-2 by inhibiting cell growth while in complex with the nuclear YAP (Oka et al., 2010) . As YAP is a potent oncogene, identification and characterization of its negative regulators is important. AmotL1 and ZO-2 are two candidates that could be harnessed to control oncogenic function of YAP.
